Broad bean (Vicia faba) mtDNA contains an open reading frame with a predicted amino acid sequence that is 41% homologous to the ribosomal protein S14 (RPS14) of Escherichia coli. and which is located 1232 ntp upstream from a gene for cytochrome b (cob). A second putative rpS14 gene occurs in broad bean mtDNA, 344 ntp upstream from a gene for ATPase subunit 9 (atp9). However, the atp9-linked rpSli gene is 12 codons shorter than the cob-linked rpSIA gene. Sequence homology is found upstream (for 218 ntp) but not downstream from the two rpSli genes. Transcripts were detected in broad bean mtRNA only for the cob-linked rpS14 gene. All RNA molecules that include a transcript of the rpSli gene also include a transcript of the cob gene. Sequences homologous to the broad bean mitochondrial rpS14 gene were detected in soybean mtDNA, but not in corn mtDNA. Relationships between the amino acid sequences of RPS14s encoded in broad bean mtDNA, in chloroplast DNAs of various angiosperms, and in E. coli are consistent with the view that the ancestral lines of these three kinds of DNA diverged from each other within a relatively short time period.
INTRODUCTION
The mitochondrial DNAs (mtDNAs) of higher plants examined to date have a size that varies within the approximate range of 165 to 2500 kb (1) (2) (3) (4) (5) . These values are greater than the sizes of multicellular animal mtDNAs (14.2 to 39.3 kb; 6,7) and fungal mtDNAs (8) . As only 5 to 10% of plant mtDNAs consist of repeated sequences (1) it seems plausible that these mtDNAs encode considerably more protein genes than animal mtDNAs and that the mitochondrial (mt-) genetic information content of different plants is highly variable.
In mtDNAs of different species (including corn, wheat, rice, Oenothera. pea, soybean, broad bean, tobacco, and petunia) the following protein genes which also occur in animal and fungal mtDNAs, have been identified and sequenced: cytochrome c oxidase subunits I, II and III (coxl, 9,10; coxll, [11] [12] [13] [14] [15] coxIII, 10) ; cytochrome b (cob; [16] [17] [18] ; F o -ATPase subunit 6 (atp6; 19); F o -ATPase subunit 8 (atp8; 20) . A gene for F o -ATPase subunit 9 (atp9) that occurs in some fungi is also found in plant mtDNA (21) (22) (23) . Two genes have been located in plant mtDNAs that are not found in the mtDNAs of other organisms: a gene for the a-subunit of the F^-ATPase complex (atpA; [24] [25] [26] [27] and the mt-ribosomal protein S13 (rpS13; 22, 28) .
In this paper we report the finding of a gene for ribosomal protein S14
(rpSlb) in mtDNA of broad bean, Vicia faba. Two versions of the gene occur in broad bean mtDNA, a complete, transcribed copy, and a truncated copy that is apparently not transcribed.
MATERIALS AND METHODS
The broad bean (Vicia faba) seed used in this work was FAVA BROAD WINSOR (Musser Seed Co., Twin Falls, ID).
Nucleic acid preparations. Mitochondria were isolated from 12 to 14 day old, dark grown, etiolated hypocotyls as previously described (29) and DNA was isolated from SDS lysates of mitochondria by preparative cesium chloride centrifugation. Total mtRNA was obtained from isolated mitochondria as given in (30) .
Restriction enzyme digestions and cloning. Details regarding restriction enzyme digestions, electrophoresis, cloning of restriction fragments into pUC9, M13mpl8 and M13mpl9, and preparation of single-stranded and doublestranded M13 DNAs are given or referenced in (31) .
Construction of mtDNA libraries. Total broad bean mtDNA was digested with either EcoRI, Hindlll, Sail, or BamHI, ligated into plasmid pUC9 (32) digested with the same enzyme, and the products transformed into competent E. coli host strain JM103. More than 300 colonies representing each cloning experiment were stored in 15% glycerol at -20°C (33) .
Heterologous probes. The DNA probe used to detect a cytochrome b (cob) gene-containing fragment of broad bean mtDNA was the Zea mays plasmid pZmEH680 (derived from pBR328; 16) that contains a 680 ntp, Hindlll-EcoRI fragment of the Z. mays cob gene. The DNA probe used to detect an ATPase subunit 9 (atp9) gene-containing fragment of broad bean mtDNA was a pUC9-derived plasmid that includes an atp9 gene-containing, 2.2 kb, Xbal fragment of Z. mays mtDNA (21) . DNA probe labelling. Each DNA probe derived from an M13-mtDNA clone was P-labelled by extension synthesis, using the Klenow fragment of E. coli DNA polymerase I and [a-^^PJdATP. Double-stranded DNA probes were ^2p_labelled by either nick translation or end-labelling as described previously (30) .
Synthetic, 21 nt sequences were 32 P-end-labelled using T4 polynucleotide kinase (34) .
Nucleic acid hybridizations. The procedure for the capillary transfer of electrophoretically separated RNAs and DNAs from agarose gels to the hybridization support Gene Screen Plus was that given in New England Nuclear Catalog No. NEF0976 (Jan. 1984). All DNA:RNA and DNA:DNA hybridizations were carried out in 5 x Denhardt's solution, 5 x SSC, 50 mM sodium phosphate (pH 6.5), 0.1% SDS and 100 mg/ml salmon sperm DNA. DNA:RNA and DNA:DNA hybridizations to detect identical sequences were carried out at 60°C overnight. Heterologous DNA:DNA hybridizations (broad bean mtDNA probe to restriction enzyme-digested corn or soybean mtDNA) were carried out at 45°C overnight. Hybridizations involving synthetic 21 nt probes were carried out at 40°C overnight. All hybridization products were subjected to four washes, 5 min each in 0.1% SDS and 2 x SSC at 21°C, followed by two washes, 20 min each in 0.1% SDS, 0.1 x SSC at 42°C, or when oligonucleotide probes were used, at the hybridization temperature.
In order to determine the sizes of electrophoretically separated RNA molecules to which radioactively labelled probes hybridized, RNA molecules of known size (RNA ladders 0.24-9.5 kb and 0.16-1.77 kb (Bethesda Research Laboratories)) were coelectrophoresed in lanes adjacent to mtRNA, stained with ethidium bromide and visualized by UV light.
Colony hybridizations were carried out as described in (33) .
Sequencing. pUC9-cloned restriction fragments of the mtDNAs were recloned into Ml3mpl8 and M13mpl9. Deletion clones, containing overlapping sequences representing the entire nucleotide sequence of both complementary strands of the fragment were obtained using modifications of the methods described in (35, 36) . Details concerning DNA sequencing, computer assembly and analysis of sequences are given in (30) .
RESULTS AND DISCUSSION
Nucleotide sequences of cob. atp9 and rpSi4 penes. By hybridization of a labelled DNA clone that contains 680 ntp of the corn cob gene (pZmEH680; 16) to a blot of electrophoretically separated EcoRI fragments of broad bean mtDNA, we identified a single fragment of 3.1 kb containing the cob gene. The 680 ntp corn mtDNA fragment purified from pZmEH680, was used as a probe to identify a colony in our EcoRI-pUC9 library of broad bean mtDNA that included the cob gene-containing 3.1 kb fragment. This latter fragment was isolated and transferred to M13mpl8 and M13mpl9 and its nucleotide sequence determined.
A clone containing a section near the 3' end of the 3.1 kb EcoRI fragment was used to identify an overlapping HindiII fragment in a colony of our broad bean HindIII-pUC9 library. This HindlH fragment was also isolated and transferred to M13mpl8 and M13mpl9 DNAs, and its nucleotide sequence determined. A continuous sequence of 4351 ntp was obtained ( Figs. 1 and 2 ) that contains the entire cob gene (1179 ntp) and 2023 ntp upstream and 1149 ntp downstream from this gene. The broad bean cob gene is 6 ntp shorter and 12 ntp longer than the corresponding genes of Oenothera berteriana and corn (17, 16 (Fig.  7) . The solid triangle indicates the location of a 13 nt sequence that is complementary to the first 13 nts of the minor transcript of broad bean mtplasmid 2.
noted for the mt-RPS13 of tobacco and corn (22) and as would be expected for a protein in close association with RNAs.
Beginning with a probe that contained the corn atp9 gene, we used a strategy similar to that used for the isolation of broad bean mtDNA fragments containing the cob gene to isolate fragments containing a broad bean atp9 gene. These fragments were then sequenced: a 1. ntp is a second copy of the rpS24 gene (Fig. 4) . However, this atp9-linked rpS24 gene lacks the twelve 3' terminal codons of the cob-linked rpS24 gene. 
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Sequence relationships. As noted above, the first 251 ntp of the coding regions of the two broad bean rpS14 genes are identical, and there is only one nt:p difference between the 218 ntp upstream from the two rpSli genes.
However, outside these DNA segments, both upstream and downstream there is a striking dissimilarity of sequences (Figs. 2 and 4 ). These observations, together with the apparent lack of transcription of the atp9-linked rpS14 gene suggests that the sequence that contains this latter gene originated from a relatively recent rearrangement within broad bean mtDNA. Two or more copies of other mt-protein genes have been reported. Multiple copies of the atpA gene have been found in corn, Oenothera and pea mtDNAs. In Oenothera and pea some of these copies, like one of the broad bean rpS14 genes, are incomplete (pseudogenes) and apparently not transcribed (26, 27) . The multiple copies of the atpA gene of corn, although identical in sequences, occur in unequal abundance in mitochondria of the different male fertile/male sterile lines of this species (25, 44) . The apparent total lack of transcription of the four copies of the rpS13 gene that occur in wheat mtDNA is unusual (28) .
Homology of the sequence upstream from the broad bean cob gene to the upstream sequence of the Oenothera and corn cob genes extends for only 62 and 48 nt, respectively (Fig. 2) . These similar sequences include the octanucleotide 5' AGTTGTCA that has been proposed as a ribosome binding site (16, 17) . However, this sequence is not found either 5' to the wheat cob gene (18) or 5' to any other of the broad bean mt genes we have sequenced.
Following the termination codon of the broad bean cob gene is a sequence of 25 nt that is 96% homologous to a sequence beginning 8 nt downstream from the termination codon of the Oenothera cob gene (Fig. 2) .
The 104 nt sequence upstream from the broad bean atp9 gene has sequence homology to the upstream sequence of the tobacco atp9 gene. In contrast, sequence homology extends for only a short distance upstream from the broad bean and corn atp9 genes. Segments of homology between sequences downstream from the broad bean and tobacco atp9 genes, and from the broad bean and corn atp9 genes are found, but they are separated by insertions/deletions (Fig. 4 ) . (46) . Each of these four corn and Oenothera genes has a simple transcript pattern (46) . Clearly this is not the case in broad bean mtDNA. Sequences that could be folded into single stem and Calculations made using free energy increments for predicting RNA secondary structure stability reported recently (45: which include negative free energy increments for G U pairs) suggest that the formation of each of the stem and loops shown would be plausible in the corresponding RNA transcripts.
loop structures, again preceded by 5' GAGG are located downstream from the atp9 genes of tobacco and corn. It was suggested that these secondary structures may be associated with transcript processing rather than termination (22) . From considerations of the sizes of RNA molecules that contain transcripts of the broad bean rpS14 and cob genes discussed above, it seems more likely that the double stem and loop sequence that lies downstream from the cob-linked rpS14 gene functions in transcript processing rather than transcription termination. In the absence of tran.script end mapping data the presently available information regarding the sizes of atp9 gene-containing, and cob gene-containing transcripts are equally consistent with either a transcript processing or a transcription termination role for the double stem and loop sequences found downstream from these genes.
Evolutionary considerations -The predicted amino acid sequence of the broad bean RPS14 is between 37.3% and 41.2% homologous to the amino acid sequences of the RPS14s of chloroplast DNAs of pea, spinach, tobacco, corn and the liverwort Marchantia polvmorpha (Fig. 3 , Table 1 ). These values are close to the homology of broad bean and E. coli RPS14s (41.2%, Fig. 3 , Table 1 ).
Homologies of the E. coli RPS14 and each of the chloroplast RPS14s are also in the range 37.3% to 41.2% (Table 1 ). In contrast, amino acid sequence homologies among angiosperm chloroplast RPS14s are in the range, 74.1% to 89.0%. These findings are consistent with the view that the three major lines of DNA molecules that led to present day plant mtDNAs, chloroplast DNAs and E.
coli DNA all diverge from each other at about the same time. Also, the difference in the range of homologies of the broad bean mt-RPS14 and each of the chloroplast RPS14s (37.3% to 41.2%), and the range of homologies among the different angiosperm chloroplast RPS14s (74.1% to 89.0%) suggests that the presence of the RPS14 genes in broad bean mtDNA is not due to a recent transfer of DNA from the chloroplast to the mitochondrion. rpSli gene sequences in other plant mtDNAs. The same rpSIA gene probe (Fig. 1, probe C) that was used to detect RNA transcripts, was hybridized to blots of electrophoretically separated restriction fragments of broad bean, soybean, and corn mtDNAs. Resulting autoradiographs are shown in Fig. 8 . The probes hybridized to two bands representing fragments of 3.1 and 6.3 kb in the EcoRI digest of broad bean mtDNA. This and data from hybridization experiments using broad bean mtDNA digested with other restriction enzymes (not shown) are consistent with the view that the cob-linked rpSlb and the atp9-linked rpSIA genes are the only ones present in the broad bean mt-genome.
The rpSli gene probe hybridized to a single band of 0.9 kb, 2.4 kb and 4.4 kb in the Hindlll, EcoRI and BamHI digests, respectively, of soybean mtDNA, suggesting that this DNA contains a single copy of the rpS24 gene. The broad bean rpSIA gene probe did not hybridize to corn mtDNA indicating that corn mtDNA lacks an rpSIA gene. With regard to this latter finding it is pertinent to note that sequences homologous to the rpS13 gene of tobacco, which are present in corn and wheat mtDNAs, could not be detected in the mtDNAs of either broad bean or pea (22) . This suggests that of the total presently undefined number of proteins present in plant mt-ribosomes, there may be considerable variation in partitioning of the genes encoding these proteins between the mtDNA and nuclear DNA of different plants. Also, the recent report that in wheat rpS13 gene sequences are not transcribed raises the possibility that in some plants copies of this and other mt-ribosomal protein genes could be present in both mtDNA and nuclear DNA (28) .
